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FERTILITY EFFECTS OF GENES CAUSING REPRODUCTIVE 
ISOLATION INFERRED FROM THREE-WAY 
HYBRIDS IN PHACELIA 
by 
Zhujun Hou 
Prior studies of reproductive isolation among three 
varieties of Phacelia dubia have found that gene loci 
encoding isozymes of glutamate oxaloacetate transaminase 
(GOT) were associated with hybrid sterility. In the first 
part of this study, I generated three-way hybrids to 
determine if the genetic or chromosomal region linked to GOT 
encoding loci has major effects on hybrid sterility and if 
any observed effects were similar in different genetic 
backgrounds. In three-way crosses, F1 hybrids of two 
varieties were crossed to a third variety. Fertilities of 
three-way hybrids were estimated and their GOT genotypes 
were ascertained by starch gel electrophoresis. A 
significant correlation between fertility and GOT genotype 
was observed in most crosses. In addition, three flower 
characteristics of three-way hybrids (filament length, petal 
width and petal length) were associated with pollen 
fertility and GOT genotype. These correlations were 
attributed to pleiotropic effects. The genetic causes of 
hybrid sterility could be genie (due to specific gene 
interactions) or chromosomal (caused by differences of gene 
arrangements on the chromosomes among three varieties). 
In order to distinguish the genetic causes of hybrid 
sterility, more genetic markers associated with sterility 
and/or GOT loci have to be identified. After mapping these 
markers, gene rearrangements involving chromosomes among 
three varieties and the position of possible translocations 
can be determined. In this research, I used the polymerase 
chain reaction to locate a DNA marker that was associated 
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CHAPTER 1 
Introduction 
Causes of reproductive isolation in plants can be 
classified as external or internal (Grant, 1981). External 
reproductive isolation includes temporal isolation, which 
may be caused by different flowering times between two 
potentially mating species, and mechanical isolation, which 
can result from different flower structures. Cross-
incompatibility, hybrid inviability and hybrid sterility are 
forms of internal reproductive barriers. Cross-
incompatibility consists of pre-fertilization and post-
fertilization events that prevent the development of a 
viable hybrid embryo. For example, in Datura meteloides x 
D. stramonium, the pollen cannot germinate on a foreign 
stigma (Avery et al., 1959). Hybrid inviability displays F1 
weakness, such as the inviable progeny from Crepis tectorum 
x Q. capillaris (Hollingshead, 1930). 
Hybrid sterility is classified into diplontic and 
haplontic sterility depending on the developmental stage of 
the reproductive block. Diplontic fertility refers to 
abnormal sex organs due to an imbalance in the nuclear genes 
or to a detrimental interaction between the hybrid nucleus 
and cytoplasm (Jenkins, 1989). Haplontic sterility refers 
to sterility that occurs in the haploid phase of a life 












flowering plants, there is both a diploid and haploid stage, 
and the haploid phase is usually multicellular. For 
example, haploid pollen grains of most flowering plants 
contain two or three cells, one of which is the sperm cell. 
However, in order to be consistent with common usage of 
animal and plant studies, I will refer to pollen sterility 
as gametic sterility. 
A reproductive barrier, expressed as partial hybrid 
sterility of pollen and ovules, isolated each pair of three 
varieties in Phacelia dubia (Levy, 1991b). This pollen 
sterility is a form of internal reproductive isolation in 
which some factors act after cross-pollination to cause 
gametic sterility. Genie, chromosomal and cytoplasmic 
factors may contribute to gametic sterility. Studies of 
reciprocal Fi crosses in£. dubia found that hybrid 
sterility among the three varieties was not due to a 
cytoplasmic effect (Levy, 1991b). Pollen fertilities of 
reciprocal Fi progenies generated from any particular pair 
of varieties were similar (Levy, 1991b). 
In genetic studies, phenotypic markers can be used to 
follow genie and chromosomal characteristics, such as 
linkage, segregation, and translocations. Specific allozyme 
markers encoding loci for GOT-1 and/or GOT-2 in£. dubia 
have been found to be associated with pollen sterility 
(Levy, 1992). In addition, backcrosses revealed that loci 
encoding GOT-1 and GOT-2 were not linked to each other in 
I~ II 
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parental varieties, but these loci behave as if they were 
linked in almost all F1 hybrids (Levy, 1992). These data 
suggest that translocations may be involved and this 
condition may contribute to hybrid sterility. A 
translocation is the movement of a chromosomal segment from 
one chromosome to a non-homologous chromosome (Burnham, 
1962) . 
3 
In the case of a reciprocal translocation, involving a 
two-way exchange of chromosome segments, the affinity of 
homologous chromosome regions results in two different 
chromosomes being involved in one pairing complex; a 
tetravalent rather than bivalent association occurs. During 
segregation in anaphase I, there are theoretically three 
different segregation patterns possible for these 
chromosomes, alternate, adjacent-1, and adjacent-2 
segregation. Only the products of alternate segregation are 
balanced, containing either two untranslocated or two 
balanced translocated chromosomes, so that resultant gametes 
have a full complement of chromosome segments. The products 
of adjacent segregation are unbalanced, resulting in 
duplications and deletions, and they are usually sterile or 
inviable (Burnham, 1962). Translocations producing inviable 
progeny have been observed in different species of plants 
and animals. For example, semisterility caused by a 
translocation was found in maize (Burnham, 1930). In 
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offspring of semisterile plants, the progeny displayed a 
ratio of 1 normal : 1 semisterile. The author hypothesized 
that a chromosomal exchange involving non-homologs had 
occurred which is now called a reciprocal translocation. If 
a simple translocation of a portion of one chromosome to a 
non-homologous chromosome occurs, as in a translocation 
heterozygote, half the gametes would be deficient and the 
other half would possess a portion in duplicate. This 
imbalance was assumed to be sufficient in both cases to 
cause abortion, and sterile plants rather than semisterile 
plants resulted. However, a reciprocal translocation could 
produce semisterile plants due to alternate segregation 
creating balanced, fertile gametes. In addition, a new 
normal type from a selfed semisterile plant gave all 
semisterile plants in the next generation when crossed with 
standard normals, and this new normal type was assumed to be 
homozygous for the translocation. Further study of 
semisterility in maize pointed out that chromosome 
segregation can be directed (for example, largely alternate 
segregation) (Burnham, 1949). Similar patterns of 
semisterility were obtained from F2 /F3 data in Barley 
(Hanson, 1951). Dominant alternate segregation was 
discovered by examining the association between the observed 
number of recombinant, that is, non-parental genotypes and 
the amount of sterile gametes. 
Although chromosome unbalance due to translocations may 
,I I ,,,, 
,,J 
I q lij. 
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cause partial pollen sterility in£. dubia, prior studies 
indicated specific regions of the genome play an important 
role in hybrid fertility (Levy, 1992). Genie factors 
causing sterility can be uncovered by testing for a linkage 
relationship between sterility level and certain phenotypic 
markers. Prior studies of hybrid sterility in P. dubia 
found that the degree of pollen sterility was associated 
with the varietal identity of alleles at GOT-1 and GOT-2 
loci (Levy, 1992). 
5 
An X-linked factor causing sterility in male hybrids of 
Drosophila has been widely studied (Coyne and Charlesworth, 
1986; Coyne and Charlesworth, 1989; Orr and Coyne, 1989). 
The interspecific cross between Q. simulans females and Q. 
mauritiana males produces sterile male and fertile female 
offspring. Because there is only one X chromosome in males 
and all recessive X-linked genes are expressed, it was 
suggested that hybrid male sterility is caused by X-linked 
factors. By choosing X-linked markers (i.e., forked) and 
backcrossing for several generations, the genes having the 
greatest effect on hybrid male sterility have been mapped to 
the X chromosome (Coyne and Charlesworth, 1986). In 
addition, multiple rather than unique X-linked genes have 
substantial effects on sterility (Coyne, 1992). 
In my research, I employed three-way crosses to compare 
linkage relationships and effects of genes causing 




In three-way crosses, F1 hybrids of two varieties were 
crossed to a third variety (Figure 1). Allozyme markers for 
GOT-1 and/or GOT-2 were tested for associations with 
presumed sterility-controlling factors. Three-way crosses 
have only been utilized to study the genetics of 
reproductive isolation in crosses producing sterile hybrids 
of both sexes in Drosophila (Orr and Coyne, 1989) ;- they have 
not previously been used in plant studies. 
In Drosophila, both reciprocal crosses between Q. 
americana and Q. montana produce sterile male and female F1 
hybrids (Orr and Coyne, 1989). Because Q. virilis can cross 
with both Q. americana and Q. montana, this species was used 
as a bridge to transfer genetic material between Q. 
americana and Q. montana. Crossing a Q. americana male with 
a female F1 hybrid (Q. montana female X Q. virillis male) 
produced two kinds of genotypic combinations among progeny 
within a sex; each genotype differs on average only in the 
species origin of the X chromosome. The two kinds of 
progeny should have been equally fertile if the sterility of 
Q. americana-Q. montana hybrids was caused by genie factors 
on automosomes. They were not. This result led to the 
conclusion that the X chromosome had a significant effect on 
sterility. 
In contrast, three-way crosses used in studies of 
reproductive isolation in£. dubia were employed to produce 
different genetic backgrounds in three-way progeny compared 
''I 
Type I. (dubia-georgiana) F1 X interior 
Parents: AABB (~. dubia) x aabb (~. georgiana) 
100% 100% 
• 
Three-way cross: AaBb (F1 ) x a'a'b'b' (~ . interior) 
31% 
Three-way Aa'Bb' 
Genotypes: (Three-way type Ia) 
100% 
aa'bb' 
(Three-way type lb) 
Type II. (dubia-interior) F1 x georgiana 
Parents: AABB (~. dubia) x a'a'b'b' (~. interior) 
100% 100% 
• 
Three-way cross: Aa'Bb' (F1 ') x aabb (~. geor~iana) 
61% 100% . 
• 
Three-way genotypes: AaBb aa'bb' 
7 
(Three-way type IIa) (Three-way type IIb) 
Recombinant genotypes: Aabb' a'aBb 
(Three-way type IIc) (Three-way type IId) 
Figure 1. Diagram of three-way crosses. A, a, a' refer to 
alleles at GOT-1. B, b, b' refer to alleles at GOT-2. 
Percentages are expected pollen fertilities. a and a' orb 
and b' appear as one electromorph on starch gels, but they 
are given different notations to facilitate following 
parental origins in crosses. 
t 
8 
to that in F1 hybrids. Compared to F1 hybrids, three-way 
hybrids contain genetic information from three varieties 
rather than two, but the genotype at any particular locus, 
for example GOT-1 or GOT-2, corresponds to an F1 hybrid 
genotype (Table 1). In this study, I tested the hypothesis 
that the degree of pollen fertility in three-way hybrids 
would be similar to that in F1 hybrids with an identical GOT 
genotype. If correct, then loci linked to GOT probably have 
a major influence on hybrid sterility in£. dubia. 
In seedings, I assessed the GOT-1 and GOT-2 genotypes 
of three-way progeny and their parents by using starch gel 
electrophoresis. At maturity, I estimated the percentage of 
fertile pollen with a vital stain. I measured aspects of 
flower morphology to test for pleiotropic effects related to 
sterility. Statistical analyses were conducted to test for 
Mendelian segregation, linkage between GOT-1 and GOT-2, 
associations between GOT genotypes and pollen fertility, 
associations between GOT genotypes and flower morphology, 
and whether pollen fertilities of three-way hybrids were 
within 95% confidence intervals of F1 hybrids. If 
fertility in three-way hybrids cannot be predicted from the 
GOT genotypes, two hypotheses must be considered: (1) 
different loci influence fertility in different F1 hybrid 
combinations, and (2) homologous GOT loci may be located in 
non-homologous locations in different varieties and they act 
as markers for different linked loci. These linked loci may 
~ II 1111\\111 I 
Fertility 
F1 Hybrid GOT genotype mean 
dubia-interior Aa'Bb' 61% 
georgiana-interior aa'bb' 46% 
dubia-geogiana AaBb 31% 








or may not influence hybrid sterility. 
Identification of a DNA Marker Associated with Sterility in 
Three-way Hybrids 
Prior studies suggested that chromosomal regions linked 
to GOT have a major effect on sterility in intervarietal 
hybrids and this effect is similar in different genetic 
backgrounds (Levy, 1992). A further goal is to distinguish 
the effects of genetic factors from chromosome imbalance. 
In order to address this question, several markers 
associated with sterility have to be identified. By 
determining the arrangement of these markers on the 
chromosome in pure varieties and by comparing these 
arrangements to that in hybrids, the specific location of 
translocations can be ascertained, and the contribution of 
each to sterility can be assessed by linkage estimates. If 
sterility is controlled by one specific gene, the marker 
with zero recombination relative to sterility could be the 
sterility controlling gene or it could be very close to the 
sterility controlling gene. 
Polymerase chain reaction (PCR) is carried out entirely 
in vitro using DNA polymerase and oligonucleotide primers 
complementary to the two 3' borders of the duplex segment 
which needs to be amplified (Singer and Berg, 1991). 
DNA containing the sequence to be amplified is heat 
First, 
denatured so as to allow oligo primers to hybridize to two 
11 
3' borders of each single stranded DNA. Next, polymerase 
chain extension is carried out from the primer termini in 
decreasing temperature. Then a second cycle of the three 
steps, heat denaturation, annealing and primer extension, is 
repeated (Mathews and Van Holdes, 1990). The-temperature 
and duration for each step in one cycle and the number of 
cycles depend on the source of DNA, the requirement of 
stringency, and the source of DNA polymerase being used. 
Hypothetically, a specific amplified DNA fragment 
associated with sterility can be isolated by PCR depending 
on an appropriate primer being chosen. Because the genome 
of these three Phacelia varieties has not been sequenced, it 
is impossible to design exact oligo primers which are 
complementary to particular chromosomal segments. Instead, 
several random 10 bp primers have been used to examine 
fertility/DNA marker associations in F 1 hybrid backcrosses. 
Primer OPA-7 (Operon Technologies), which had been used in 
F1 hybrid backcrosses, was used to test for linkage to GOT 
loci and fertility in three-way hybrids. If specific PCR 
products are present in the individuals with a particular 
GOT genotype, but absent in those individuals with another 
GOT genotype, it means these PCR products are linked to the 
GOT genotype. Because GOT genotypes associate with pollen 
fertility, it can further suggest that the PCR products 
associate with pollen fertility. Therefore, these PCR 
product fragments can be used as markers to detect the 
4 
12 
genomic location of loci causi







Materials and Methods 
Three varieties of Phacelia dubia (L.) Trel. were used 
in my research; E- dubia var. dubia, E- dubia var. georgiana 
and E- dubia var. interior. E- dubia var. dubia is found in 
alluvial or rocky woods and roadbands from Pennsylvania into 
North Carolina (Levy, 1991a). E- dubia var. georgiana is 
endemic to granite outcrops in Georgia and Alabama (Levy, 
1991a). P. dubia var. interior is found in cedar glades in 
the Nashville Basin of Tennessee (Levy, 1991a). Plants from 
each of the three varieties are usually completely fertile. 
I performed two types of three-way crosses (Figure 1). 
The first (type I) involves a GOT-1 and GOT-2 double 
heterozygous F1 (dubia-georgiana) crossed to a GOT-1 and 
GOT-2 double homozygous var. interior; the second (type II) 
is a double heterozygous F1 (dubia - interior) crossed to a 
double homozygous var. georgiana. 
Stocks 
1. In three-way cross type 1 (see Figure 1, page 7), 
two different F1 stocks were used as parents. They are 
designated F1 [EM-3e x HR (a)] and F1 [EM-3e x HR (d)]. In 
this three-way hybrid, plants derived from field collected 
seeds of E- dubia var. interior were used as the third 















designated I-91-6 and I-91-7. The parents of F1 [EM-3e x HR 
(a)] and F1 [EM-3e x HR (d)] are EM 90-3 (s-e) which 
originated from seed collected at Echol's Mill, Oglethorpe 
County, Georgia and, HR 90-4 (d) from seed collected at High 
Rock, Davidson County, North Carolina (Levy, 1991a). In 
naming stocks, "EM" stands for the Echol's Mill population 
of var. georgiana, "I" stands for an interstate highway I-40 
population of var. interior and, "HR" stands for the High 
Rock population of var. dubia. 
2. In three-way cross type II (see Figure 1, page 7), I 
chose two different stocks as F1 parents: F1 [I-5 x HR (5)] 
and F1 [I-5 x HR (3)]. Two different stocks of var. 
georgiana were used to synthesize these three-way hybrids: 
EM 92-35(4) and EM 92-25 (1). F1 [I-5 x HR (5)) and F1 [I-5 
x HR (3)) are full siblings whose parents were I-91-5 and HR 
90-4(3). Characteristics of parents for each three-way cross 
are shown in Table 2. 
Crosses 
In each of the two types of three-way crosses, I 
separately hybridized two pairs of parents. The F1 parent 
for each cross was. a GOT-1 and GOT-2 heterozygote (Table 2). 
Representatives of the pure varieties, I-91-6 and I-91-
7 were both grown from field collected seeds and are 
presumably unrelated, as were EM 92-35 (4) and EM 92-25 (1) 
(Table 2). Each three-way combination was crossed 
f f (~ tt· r { f ff r ~~- ~ ~ 
Three-way cross GOT 
type Stock Genotype %Fertility 




+-91-6 ( 3) a'a'b'b' 98.00 
I 
F1 [EM-3e x HR (a) ] AaBb 30.65 
Pair B 
I - 91-7 ( 4) a'a'b ' b' 90.63 
_f 1 [I-5 x HR ( 3) J Aa'Bb' 66.00 
Pair C 
EM 92-35 ( 4) aabb 99.00 
II 
F1 [I-5 x HR (5)) Aa'Bb' 58.10 
Pair D 
EM 92-25 (1) aabb 98.40 
Table 2. Parental stock, GOT-1 and GOT-2 genotypes, and pollen fertility of p l ants used 
in three-way hybridizations. Refer to Figure 1 (see page 9) for three-way types. 







reciprocally to test for non-nuclear (maternal and/or 
cytoplasmic) effects. A total of eight crosses were 
conducted in my research. 
To conduct pollinations, I emasculated the flowers, and 
waited two or three days until the styles were receptive. 
Then I performed pollinations by hand on approximately 
eighty flowers per plant. 
Seed Collection and Germination 
Seed capsules of pollinated flowers matured 
approximately three weeks after pollination. I collected 
the capsules and counted the number of seeds in each. After 
the seeds had after-ripened for six weeks, I selected 
approximately forty seeds from each cross to germinate on 
filter paper in petri dishes. Seed germination began in a 
refrigerator modified to maintain a temperature of 15-20° C. 
After two to three weeks, cotyledons appeared, and seedlings 
were planted in soil (Fafard Mix 3-B) and placed in a growth 
chamber. They were grown at 22° C day/18° C night under 12 
hr light for the first 8 weeks followed by 16 hr light for 
the rest of the time. Because some of the seedlings failed 
to grow, the number of adult progeny assayed was less than 
forty. 
GOT Genotype Assay - Starch Gel Electrophoresis 
First, I describe the basic principles of starch gel 
., 
• 







electrophoresis. Many of the twenty different amino acids 
have a unique charged side chain which is primarily 
responsible for the differential rate of movement of 
proteins through a matrix during starch gel electrophoresis. 
After electrophoresing crude leaf extracts in the gel 
matrix, individual proteins can be selectively located. 
Most of the proteins provide a specific substrate for an 
enzyme, which allows the enzyme to metabolize the substrate. 
An indicator dye is present that is sensitive to the 
catalytic activity of the enzyme (Hillis and Moritz, 1990). 
The indicator undergoes a color change in the presence of 
the metabolized product, resulting in a colored band 
localized t.o a region of the gel where the enzyme has acted 
on the substrate. 
Enzyme banding patterns are dependent upon their 
subunit structure. Glutamate oxaloacetate transaminase 
(GOT) is a dimeric enzyme consisting of two subunits. 
Homozygotes produce a single band on a starch gel. In 
Phacelia, two gene loci (GOT-1 and GOT-2) encode GOT enzymes 
(Levy, 1989). Protein products of the GOT-1 gene migrate 
faster than those of the GOT-2 gene. Three bands at either 
GOT-1 or GOT-2 indicate that an individual is heterozygous 
at that locus. These banding pattern differences between 
heterozygous and homozygous individuals are due to co-
dominant expression. 
Methods for allozyme electrophoresis were similar to 
1111 
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those in Levy (1989). The buffer used for electrophoresis 
was lithium borate electrode buffer, a 0.2 M boric acid 
solution titrated with lithium hydroxide to pH 8.3. The GOT 
genotype was assessed after five or six leaves expanded on 
young plants. Three or four young leaves were ground in a 
1.5 ml microfuge tube filled with 375 µl extraction buffer 
which contains o·.1 M Tris-HCl (pH 8. 0), 3. 3 mM MgC1 2 3. 3 mM 
KCl and 5 mM EDTA. Usually, seventeen samples were loaded 
in separate lanes for each starch gel. The starch gel is 
made from 12% starch, 4% sucrose and lithium borate gel 
buffer which contains 0.6% Tris base and 9% lithium borate 
electrode solution titrated with citric acid to pH 8.3. 
After five hours of electrophoresis, the starch gel was 
sliced and two slices were bathed in the GOT substrate 
solution containing fast blue BB indicator dye. GOT 
substrate solution consists of 0.1 M Na2HPO4 , 0.125 mM PVP-
40, 10 mM L~aspartic acid, 0.7 mM EDTA, 2.5 mM a-
ketoglutaric and 0.5 mM pyridoxal 5-phosphate. Blue bands 
appeared after approximately thirty minutes, and gels were 
scored visually. For a permanent record, gels were 
photographed using Ektachrome 160 film (Figure 2). 
Pollen Fertility 
I prepared a slide of mature pollen from each plant and 
stained it with lactophenol cotton-blue dye. Under a 
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Figure 2. GOT-1 and GOT-2 enzyme banding patterns on a starch gel. 









sterile pollen grains. Fertile pollen is round, larger, and 
darker, compared to sterile grains which are narrow, longer, 
smaller, and less dark because they do not take up stain. I 
randomly chose different fields of view for counting pollen 
until the total number of pollen grains counted was greater 
than one hundred. The number of fertile pollen grains 
divided by the total number assayed gives the percentage of 
fertile pollen grains. These steps were repeated three 
times for each anther to get the average percentage for an 
anther (300 counted/anther). Anthers from two different 
flowers were analyzed from each plant . 
Flower Morphology 
Floral compon~nts of two different flowers from each 
plant in fresh condition, were mounted and taped onto paper 
to prevent shrinkage. Filament length, style length, petal 
width and petal length were measured under a dissecting 
microscope. Measurements from the two flowers were averaged 
and the average value was used in statistical analysis. 
Data Analysis 
Seed Data Analysis: A one-way ANOVA was used to test 
for differences in the number of seeds per capsule when pure 
plants acted as seed parents compared to hybrid plants 
acting as seed parents. 
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the GOT-1 and GOT-2 loci. Each hybridization involved 
homozygous x heterozygous parental genotypes at the GOT 
marker loci. Therefore, at each locus I expected the number 
of homozygotes and heterozygotes in the progeny to be 
similar (see Figure 1, page 7). For example, in three-way 
cross type I, the number of offspring who received allele 
"A" from the F1 hybrid parent is expected to be similar to 
the number who received "a" from that parent. I used the 
chi-square statistic to test for deviations from the 
expected 1:1 ratio. 
Linkage Analysis: I tested for GOT-1 and GOT-2 loci 
linkage in F1 hybrids under the null hypothesis of no 
linkage between GOT loci. Four different GOT-1 and GOT-2 
genotype combinations were expected to be recovered among 
three-way progeny in hybridizations involving homozygote x 
heterozygote crosses, and the number of individuals for each 
genotype was expected to be the same in each class. I used 
the chi-square statistic to test for departures of observed 
values from the expected. 
Pollen Fertility Analysis: I tested for linkage 
between pollen fertility and GOT genotype by using the non-
parametric Wilcoxon u test because the frequency 
distribution between number of individuals and pollen 
fertility is bimodal rather than normal (Sokal and Rohlf, 
1981). This test compared two samples of pollen fertilities 




used to examine the relationship among GOT genotype, pollen 
fertility, and components of flower morphology. 
I used 95% and 99% confidence intervals to compare the 
observed fertility and expected fertility as outlined in 
Table 1 (see page 9). This expected fertility is based upon 
the hypothesis that, (1) sterility is primarily controlled 
by a single region of the genome, (2) the controlling region 
shows linkage with GOT-1 and/or GOT-2 and, (3) the remainder 
of the genetic background does not have a significant 
influence on fertility levels. Under this hypothesis, 
pollen fertility in three-way hybrids would be similar to 
pollen fertility in F1 hybrids with an identical GOT 
genotype. Estimates of F1 hybrid fertility came from the 
prior crosses between various F1 combinations (Levy, 1991b). 
I computed 95% and 99% confidence intervals from three-way 
hybrids of similar GOT type. If these intervals encompassed 
the expected value, the observed fertility was deemed 
similar to what I expected. 
Identification of a DNA Marker Associated with Sterility 
Genomic DNA Extraction: Genomic DNA from each three-
way hybrid plant was isolated from young leaves by the CTAB 
procedure (Clover, 1985). First, I aliquoted 450 µ1 CTAB 
extraction buffer, which contains 2% cetyl triethylammonium 
bromide and 1 mM Tris-HCl, into 1.5 ml tubes, and incubated 
them in a water bath at 65° C. Second, I removed young 
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leaves from each three-way hybrid in Phacelia, placed them 
in the hot CTAB solution, then ground the leaves to break 
the cell walls. CTAB solution was added to each tube to 
bring the volume to 1.5 ml. The mix was incubated at 65° C 
for 45 minutes. CTAB can precipitate the majority of 
neutral polysaccharides which are the main component of the 
cell wall. The leaf extract was spun for 2 minutes to 
pellet leaf materials, which included some polysaccharide 
and lipid; 750 µl of the supernatant was removed with a 
pipet to a fresh tube containing 750 µl chloroform isoamyl 
alcohol (CIA). These were spun 5 minutes at 13,000 rpm to 
precipitate proteins. Next, 650 µl of supernatant was 
transferred to tubes filled with 650 µl CIA, mixed 
completely, and spun 5 minutes. The supernatant was 
transferred to tubes containing 500 µl isopropanol to 
precipitate the nucleic acids. Tubes were kept at -20° C 
for at least one hour, then spun for 20 minutes. The 
supernatant was discarded, pellets were washed with 70% 
ethanol, and spun for 5 minutes. The supernatant was 
discarded, and the pellets were air dried and resuspended in 
10 mM Tris-HCl/1 mM EDTA buffer (pH 8.0), and stored at -20° 
C. 
RNase Treatment: One unit of RNase One (Promega) was 
used to treat each genomic preparation for 5 minutes at 37° 
C to degrade RNA. 











of 25 µl included 2 µl DNA, 12.8 µl H20, 2.5 µl reaction 
buffer, 2.5 µl dNTP mix (2 mM d.ATP, 2mM dCTP, 2 mM dGTP and 
2 mM dTTP), 1 µl primer (Operon Technologies, OPA-7), 4 µl 
25 mM MgC1 2 and 2 units Stoffel DNA Polymerase (Perkin-
Elmer). 
Forty-five cycles of PCR were run. There were three 
steps in each cycle, duplex denaturation, primer annealing 
and strand extension. The first step, duplex denaturation, 
was carried out at 94° C for one minute. The second step, 
primer annealing, was carried out at 35° C for one minute. 
The third step, new strand extension, was carried out at 72° 
C for two minutes. 
Screening PCR Products: The PCR products were 
visualized under UV light after DNA electrophoresis in 
ethidium bromide (0.5 µg/ml) for separating the fragments. 
An assay gel specifically for small DNA fragments was made 
from 1% agarose and 1% NuSieve agarose. The pGEM DNA 
markers (Promega) were used to estimate the size of each PCR 
product. The pGEM DNA markers (Promega) consist of fifteen 
DNA fragments ranging in size from 36 to 2645 base pairs. 
Data Analysis: The relationship between PCR product 
fragments and the GOT genotype in three-way hybrids was 
tested by G tests. If the correlation between GOT genotype 
and pollen fertility was not consistent among crosses, only 
the G test was used to assess correlations between GOT 




















significant correlation between GOT genotype and pollen 
fertility. 
In addition, the correlation between PCR markers and 
pollen fertility in three-way hybrids was ascertained by 
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Results 
The number of seeds per capsule in pure seed parents 
and hybrid seed parents was significantly different in three 
pairs of parents (Table 3). In three-way cross type I 
(cross A and cross B, Table 3) pure seed parents produced 
significantly more seeds than hybrid seed parents. In 
three-way cross type II (cross C and cross D), the seeds per 
capsule in one of the pure seed parents was significantly 
less than that in the corresponding hybrid seed parent 
(cross C, Table 3), but the difference was not significant 
in the other pair of parents (cross D, Table 3). In a 
three-way cross, when a pure parent is used as the maternal 
parent, all of its ovules are functional. In contrast, when 
an F1 hybrid is used as the maternal plant, a proportion of 
its ovules are sterile. Therefore, I expected pure seed 
parents could produce more seeds than hybrid seed parents. 
However, I did not observe what I expected in half of the 
crosses. 
Mendelian Segregation at the GOT-1 and GOT-2 Loci 
In all type II three-way crosses, F1 (dubia-interior) x 
georgiana, alleles at both GOT-1 and GOT-2 loci showed 
Mendelian segregation (Tables 4C, 4CR, 4D and 4DR). 
26 
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SEED PARENT CROSS 
A B C D 
PURE 3 .. 486 2.521 0.413 2.577 
X SEEDS/CAPSULE 
Fl HYBRID 2.947 1.049 1.091 2.472 
F ratio 3.980 29.334 27.072 0.040 
DF 1,222 1,174 1,156 1,138 
PROBABILITY <0.05 <0.001 <0.001 >0.05 
Table 3. Comparison of the number of seeds per capsule in pure seed parents and F1 hybrid 
seed parents. Refer to Table 1 (see page 9) for pairs of parents. F ratios are from one-way 
ANOVAS, 
ratio. 
"df" refers to degrees of freedom . Probabilities are those associated with each F 
~ ~~ : 
-







GOT Genotype Aa' aa' Bb' bb' 
# Observed 
25 13 11 27 
# Expected 
19 19 19 19 
Mendel- Chi-
ian square 3.18 5.92 
Segreg-
ation Prob. > 0.05 < 0.05 
4A. Three-way Progeny of: F1 [EM-3e x HR (d)]~ X I-91-6 {3)o 
GOT-1 GOT-2 
GOT Genotype Aa' aa' Bb' bb' 
# Observed 
7 21 22 6 
# Expected 
14 14 14 14 
Mendel- Chi-
ian square 6.04 8.04 
Segreg-
ation Prob. < 0.05 < 0.05 
4AR . Three-way Progeny of: F1 [EM-3e x HR (d)]o X I-91-6 (3)~ 
Tables 4. Mendelian segregation at GOT-1 and GOT-2. Eight 
tables correspond to eight different crosses. "A", "B", "C" 
and "D" stand for four crosses in which F1 hybrids were seed 
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GOT-1 GOT-2 
GOT Genotype Aa' aa' Bb' bb' 
# Observed 
30 11 17 24 
# Expected 
20.5 20.5 20.5 20.5 
Mendel- Chi-
ian square 8.80 1. 20 
Segreg-
ation Prob. < 0.01 > 0.05 
4B. Three-way Progeny of: F1 [EM-3e x HR (a)]~ X I-91-7 (4)o 
GOT-1 GOT-2 
GOT Genotype Aa' aa' Bb' bb' 
# Observed 
11 19 28 2 
# Expected 
15 15 15 15 
Mendel- Chi-
ian square 2.13 22.13 
Segreg-
ation Prob. > 0.05 < 0.01 






GOT Genotype Aa' aa' Bb' bb' 
# Observed 
14 17 16 15 
# Expected 
15.5 15.5 15.5 15.5 
Mendel- Chi-
ian square 0.129 0 
Segreg-
ation Prob. > 0.05 > 0.05 
4C. Three-way Progeny of: F1 [I-5 x HR (3)]~ X EM 92-35 (4)o 
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I In GOT-1 GOT-2 
GOT Genotype Aa' aa' Bb' bb' 
# Observed 
13 21 16 18 
# Expected 
17 17 17 17 
Mendel- Chi-
ian square 1.441 0.015 
Segreg-
ation Prob. > 0.05 > 0.05 









GOT Genotype Aa' aa' Bb' bb' 
# Observed 
16 22 20 18 
# Expected 
- 19 19 19 19 
Mendel- Chi-
ian square 0.95 0.11 
Segreg-
ation Prob. > 0.05 > 0.05 
4D. Three-way Progeny of: F1 [I-5 x HR (5)]~ X EM 92-25 (l)o 
GOT-1 GOT-2 
GOT Genotype · Aa., aa' Bb' bb' 
# Observed 
17 17 19 15 
# Expected 
17 17 17 17 
Mendel- Chi-
ian square 0 0.47 
Segreg-
ation Prob. > 0.05 > 0.05 






However, in three-way cross type I, the results varied among 
individual crosses and also varied among GOT-1 and GOT-2 
loci. In cross "A", alleles of GOT-1 showed Mendelian 
segregation, but those of GOT-2 did not (Table 4A). In 
cross "AR", alleles of both GOT-1 and GOT-2 exhibited 
Mendelian segregation (Table 4AR). The result from cross 
"B" was opposite to that from cross "A", that is, alleles 
of GOT-1 were not recovered in expected Mendelian ratios but 
alleles of GOT-2 were (Table 4B). In contrast, cross "BR" 
had a.similar pattern as cross "A" (Table 4BR). Results 
from all crosses are summarized in Table 5. 
GOT-1 and GOT-2 Linkage in F1 Hybrids 
In all type I three-way crosses involving a F1 (dubia-
georgiana) parent, the GOT-1 and GOT-2 loci were linked 
-
(Tables 6A, 6AR, 6B and 6BR). Prior studies of backcrosses 
involving a (dubia-georgiana) F1 hybrid also showed that the 
GOT-1 and GOT-2 loci were linked (Levy, 1992). In three-way 
cross type II involving a F1 (dubia-interior), GOT-1 and 
GOT-2 loci did not show linkage (Tables 6C, 6CR, 6D and 
6DR). Results from all crosses are summarized in Table 7. 
Correlation between GOT Genotype and Pollen Fertility 
In all type II three-way crosses, analysis showed no 
evidence of linkage between GOT-1 and GOT-2, and the 
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Type Cross GOT-1 GOT-2 
A ns 0.05 
I AR 0.05 0.01 
B 0.01 ns 
BR ns 0.01 
C ns ns 
II CR ns ns 
D ns ns 
DR ns ns 
Table 5. Summary of tests for Mendelian segregation. 
Probability values associated with X2 tests are given. "ns" 
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GOT Genotype Aa'Bb' aa'bb' Aa'bb' aa'Bb' 
(two loci) 
# Observed 25 11 0 2 
# Expected 9.5 9.5 9.5 9.5 
Chi-square 40.95 
Linkage 
Probability < 0.01 
6A. Three-way Progeny of: Fl [EM-3e x HR (d)]~ X I-91-6 (3)0 
GOT Genotype Aa'Bb' aa'bb' Aa'bb' aa'Bb' 
(two loci) --
# Observed 4 19 4 2 
# Expected 7 7 7 7 
Chi-square 27.71 
Linkage --
Probability < 0.01 
6AR. Three-way Progeny of: F1 [EM-3e x HR (d)] o X I-91-6 (3) ~ 
Tables 6. Linkage analysis between GOT-1 and GOT-2. 
Eight tables correspond to eight different crosses. "A", "B", 
"C" and 11 D11 stand for four crosses in which F1 hybrids were 
seed parents. "AR", "BR", "CR" and "DR" stand for the 
respective reciprocal crosses. 
I I 
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GOT Genotype Aa'Bb' aa'bb' Aa'bb' aa'Bb' 
(two loci) 
# Observed 23 10 7 1 
# Expected 10.25 10.25 10.25 10.25 
Chi-square 29.46 
Linkage 
Probability < 0.01 
6B. Three-way Progeny of: F1 [EM-3e x HR (a)]~ X I-91-7 (4)o 
GOT Genotype Aa'Bb' aa'bb' Aa'bb' aa'Bb' 
(two loci) 
11, 
lh,11 11111!11 # Observed 2 19 9 0 
# Expected 7.5 7.5 7.5 7.5 
Chi-square 29.46 
Linkage 
Probability < 0.01 
6BR. Three-way Progeny of: F1 [EM-3e x HR (a)]o X I-91-7 (4)~ 
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GOT Genotype Aa'Bb' aa'bb' Aa'bb' aa'Bb' 
(two loci) 
# Observed 7 9 7 8 
# Expected --7. 75 7.75 7.75 7.75 
Chi-square 0.355 
Linkage 
Probability > 0.05 
6C. Three-way Progeny of: F1 [I-5 x HR (3)]~ X EM 92-35 (4)o 
I lr.11 , 
1: 1 GOT Genotype Aa'Bb' aa'bb' Aa'bb' aa'Bb' 
(two loci) 
# Observed 12 7 9 6 
# Expected 8.5 8.5 8.5 8.5 
Chi-square 2.471 
Linkage 
Probability > 0.05 
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GOT Genotype Aa'Bb' aa'bb' Aa'bb' aa'Bb' 
(two loci) 
# Observed 6 10 12 12 
# Expected 9.5 9.5 9.5 9.5 
Chi-square 2.01 
Linkage 
Probability > 0.05 
6D. Three-way Progeny of: Fl [I-5 x HR (S)]~ X EM 92-25 (l)o 
GOT Genotype Aa'Bb' aa'bb' Aa'bb' aa'Bb' 
(two loci) 
# Observed 10 12 7 5 
# Expected 8.5 8.5 8.5 8.5 
Chi-square 3.24 
Linkage · 
Probability > 0.05 
6DR. Three-way Progeny of: F1 [I~5 X HR (a)]o X EM 92-25 (l)~ 
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Type I II 
Cross A AR B BR C CR D DR 
Probability 0.01 0.01 0.01 0.01 ns ns ns ns 
Table 7. Summary of tests for linkage. Probability values 
associated with X2 tests are shown. "ns" refers to probability 
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hybrids was correlated with GOT-2, but not with GOT-1 
(Tables BC, BCR, 8D and 8DR). Because of linkage in type I 
crosses, there were too few individuals with recombinant 
genotypes for statistical analysis. Consequently, the 
Wilcoxon test was--used to compare the pollen fertility 
between the two parental GOT-1 and GOT-2 genotypes rather 
than recombinant genotypes. One cross from each pair of 
parents showed a significant relationship between pollen 
fertility and GOT-1 and GOT-2 genotypes (Tables BAR and 8B). 
However, the reciprocals of each of these crosses did not 
show such a relationship (Tables 8A and 8BR). Table 9 is a 
summary table showing probabilities of an association 
between pollen fertility and GOT genotype associated with 
each cross. 
Correlation between GOT Genotype and Flower Morphology 
In offspring from the four type II three-way crosses, 
filament length, petal length, petal width and GOT-2 
genotype were correlated with each other (Table l0C, Table 
l0CR, Table 10D and Table l0DR). However, style length was 
not correlated to pollen fertility or to any of the other 
floral traits except in cross "DR" (Table l0DR). In type I 
three-way crosses, similar correlations were shown in which 
the (dubia-georgiana) F1 hybrid was the female parent 
(Tables l0A and l0B). However, in their reciprocals in 
which individuals from var. interior were the female 
II~ 1: IP.~11,111:11 
I• 
40 
GOT-1/GOT-2 Parental Recombinant 
Genotype Aa'Bb' aa'bb' Aa'bb' aa'Bb' 
# Individual 17 10 no flower 1 
Mean 43.25 46.80 40.20 
Ferti- S.D. 13.19 12.81 
lity 
Wilcoxon z 0.829 
Probability 0.407 
8A. Three-way Progeny of: F1 [EM-3e x HR (d)]~ X I-91-6(3)O 
GOT-1/GOT-l Parental Recombinant 
Genotype Aa'Bb' aa'bb' Aa'bb' aa'Bb' 
# Individuals 3 17 no flower 2 
Mean-- 63.07 49.12 37.45 
Ferti- S.D. 2.87 5.57 3.34 
lity 
Wilcoxon z 2.647 
Probability 0.008 
SAR. Three-way Progeny of: F1 [EM-3e X HR (d)]o X I-91-6(3)~ 
Tables 8. Correlation between GOT genotype and pollen 
fertility. Eight tables correspond to each of eight 
crosses. "A", 11 B11 , "C" and "D" stand for four crosses which 
F1 hybrids were female parents. "AR", "BR", "CR" and "DR" 
stand for the respective reciprocal crosses. 11 S.D. 11 refers 
to standard deviation. 
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GOT-1/GOT-2 Parental Recombinant 
Genotype Aa'Bb' aa'bb' Aa'bb' aa'Bb' 
# Individual 16 8 3 1 
Mean 54.57 46.79 45.57 20.00 
Fert- S.D. 6.38 9.35 12.76 
ility 
Wilcoxon z -2.297 
Probability 0.020 
8B. Three-way Progeny of: F1 [EM-3e x HR (a)]~ X I-91-7 (4)o 
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GOT-1/GOT-2 Parental Recombinant 
Genotype Aa'Bb' aa'bb' Aa'bb' aa'Bb' "' 
# Individual 1 18 2 0 
Mean 62.70 49.55 47.60 
Ferti- S.D. 4.80 5.94 
lity 
Wilcoxon z 1. 370 
Probability 0.171 
SBR. Three-way Progeny of: F1 [EM-3e x HR (a)]o X I-91-7(4)~ 
----------------- -
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GOT GOT-1 GOT-2 
Genotype(One Locus) Aa' aa' bb' Bb' 
# Individuals 12 16 13 15 
Mean 36.39 37.52 46.21 29.09 
Ferti- S.D. 10.32 11. 92 8.36 7.68 
lity 
Wilcoxon z -0.581 4.078 
Probability 0.562 0.0001 
BC.Three-way Progeny of: Fl [I-5 x HR (3)]~ X EM 92-35 (4)0 
GOT GOT-1 GOT-2 ,, 
Genotype(One Locus) Aa' aa' bb' Bb' 
# Individual 19 10 14 15 
Mean 38.17 37.86 45.50 31.13 
Ferti- S.D. 8.60 9.96 5.49 5.58 
lity 11 
Wilcoxon z -0.069 4.407 
Probability 0.945 0.0001 
8CR. Three-way Progeny of: F1 [I-5 x HR (3)]o X EM 92-35(4)~ 
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GOT GOT-1 GOT-2 
Genotype(One Locus) Aa' aa' bb' Bb' 
# Individual 16 22 20 18 
Mean 42.51 37.95 49.48 29.20 
Ferti - S . D. 11. 77 10.70 4.49 4.83 
lity 
Wilcoxon z 1.493 -5.249 
Probability 0.132 0.0001 
8D. Three-way Progeny of : F1 [I - 5 x HR (5))9 X EM 92 - 25 (l)o 
,,, 
GOT GOT-1 GOT-2 
Genotype(One Locus) Aa' aa' bb' · Bb' 
# Individuals 16 17 18 15 
Mean 36.02 43.35 50.17 27.35 
Ferti- S . D. 13.20 11.04 4.25 5.59 
lity 
Wilcoxon z -1. 531 -4.863 
Probability 0.126 0 . 0001 
8DR. Three-way Progeny of: F1 [I-5 x HR (5)]o X EM 92-25 (1)9 
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Type I II 
I 
Cross A AR B BR C CR D DR 
GOT-1 - - - - ns ns ns ns 
GOT-2 - - - - .0001 .0001 .0001 .0001 
Two loci ns .008 .02 ns - - - -
Table 9. Summary of Wilcoxbn tests for a correlatiop between 
GOT genotype and fertility. "ns" refers to probability values 







GOT Genotype Aa'Bb' aabb' Aa'bb' aa'Bb' 
#Individual 22 9 no flower no data 
Fila- Mean 4 . 35 2.22 
ment 
Length S.D. 0.62 0.89 
Wilcoxon z -4.008 (Pr.= .0001) 
#Individual 23 10 
Petal Mean 5 . 74 4.32 
Length S.D . 0.55 0.95 
Wilcoxon z -3.438 (Pr.= .0006) 
#Individual 23 10 
Petal Mean 4.19 2 . 56 
Width S.D . 0.59 0.68 
Wilcoxon z -3.987 (Pr.= .0001) 
#Individual 23 10 
Style Mean 5.33 3.39 
Length S . D. 0.79 0.71 
Wilcoxon z -4 . 025 (Pr.= . 001) 
lOA. Three-way Progeny of: Fl [EM-3e x HR (d)]~ X I-91-6 (3)0 
Table 10. Correlation between GOT genotype and flower 
morphology. Eight tables correspond to eight crosses. "A", 
"B", "C" and "D" stand for four crosses in which F1 hybrids 
were female parents. "AR", "BR", "CR" and "DR" stand for their 
reciprocals. 11 S.D . 11 refers to standard deviation. "Pr" refers 
to the probability associated with the Wilcoxon Z statistic. 
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GOT Genotype Aa'Bb' aabb' Aa'bb' aa'Bb' 
#Individual 3 18 no flower 2 
Fila- Mean 3.90 2.07 3.25 
ment 
Length S.D. 2.09 0.78 1. 62 
Wilcoxon z 1.460 (Pr.= .144) 
#Individual 3 17 2 
Petal Mean 5.17 4.19 5.25 
Length S.D. 1.53 0.79 0.35 
Wilcoxon z 1.326 (Pr.= .184) 
#Individual 3 18 2 
Petal Mean 4.07 2.66 4.00 
Width S.D . 1.19 0.63 0.42 
Wilcoxon z 1. 668 (Pr.= .095) 
#Individual 3 17 
Style Mean 5.13 3.22 
Length S.D. 1. 69 0.73 
Wilcoxon z 1. 910 (Pr.= .056) 





GOT Genotype Aa' Bb' aabb' Aa'bb' aa'Bb' 
#Individual 20 8 4 1 
Fila- Mean 4.89 3.30 2.58 4.70 
ment 
Lenght S.D. 1.32 0.96 1.36 
Wilcoxon z -2.928 (Pr.= .003) 
#Individual 20 8 4 1 
Petal Mean 6.37 5.63 4.90 6.40 
Length S.D. 0.89 0.82 1.47 
Wilcoxon z -2.394 (Pr.= .017) 
#Individual 20 8 4 1 
. 
Petal Mean 4.83 3.55 3.42 4.80 
Width S.D. 0.86 0.64 1.25 
Wilcoxon z -3.210 (Pr.= .001) 
#Individual 20 8 4 1 
Style Mean 5.82 4.66 4.08 5.40 
Length S.D. 0.91 0.69 1.01 
Wilcoxon z -2.880 (Pr.= .004) 
l0B. Three-way Progeny of: F1 [EM-3e x HR (a)]~ X I-91-7 (4)o 
"" ~II ii.II 
1~1, I :1 
l1•11i1 1111;:1 ~,, 
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GOT Genotype Aa'Bb' aabb' Aa'bb' aa'Bb' 
#Individual 1 19 4 0 
Fila- Mean 5.40 2.42 2.55 
ment 
Length S.D. 0.70 0.97 
Wilcoxon z 1. 574 (Pr.= .115) 
#Individual 1 19 4 
Petal Mean 6.80 5.05 5.08 
Length S . D. 0.59 1.26 
Wilcoxon z 1. 363 (Pr.= .164) 
#Individual 1 19 4 
Petal Mean 5.40 3.06 3.28 
Width S.D. 0.47 0.95 
Wilcoxon z 1. 573 (Pr.= .116) 
#Individual 1 19 4 
Style Mean 5.60 4.11 4.10 
Length S.D. 0.68 0.78 
Wilcoxon z 1.484 (Pr.= .138) 
l0BR. Three-way Progeny of: F1 [EM-3e X HR (a)]o X I-91-7 (4)~ 
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GOT Genotype GOT-1 GOT-2 
(One Locus) Aa' aa ' bb' Bb' 
#Individual 13 17 15 15 
Fila- Mean 2.89 2.75 3.73 1 . 89 
ment 
Length S.D . 1.09 1.02 0.51 0 . 39 
Wilcoxon z 0.293 (Pr.= . 769) 4.652 (Pr.= .0001) 
#Individual 14 17 16 15 
Petal Mean 4.17 4.22 4.63 3.74 
Length S.D. 0.53 0.64 0.42 0.32 
Wilcoxon z - 0.278 (Pr.= .781) -4.318(Pr.= .0001) 
#Individual 14 17 16 15 111,1.1 
Petal Mean 2.36 2.45 2.73 2 . 08 
Width S.D . 0.35 0.48 0.33 0.20 
Wilcoxon z -0.278 (Pr.= . 873) -4.236(Pr.= .0001) 
#Individual 14 17 16 15 
Style Mean 4.27 4.21 4.28 4.20 
Length S.D . 0.59 0 . 52 0.61 0.48 
Wilcoxon z 0 . 240 (Pr . = . 811) -3.777 (Pr.= . 706) 
lOC . Three-way Progeny of: F1 [I-5 x HR (3)]~ X EM 92-35 (4}o 
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GOT Genotype GOT-1 GOT-2 
(One Locus) Aa' aa' bb' Bb' 
#Individual 12 13 16 18 
Fila- Mean 3.37 2.92 4.02 2.47 
ment 
Length S.D. 0.87 0.98 0.38 0.58 
Wilcoxon z -1.527 (Pr.= .127) 4.823 (Pr.= .0001) 
#Individual 21 13 16 18 
Petal Mean 4.44 4.20 4.81 3.94 
Length S.D. 0.48 0.69 0.23 0 . 46 
Wilcoxon z -0.837 (Pr.= . 402) 4 . 699 (Pr.= .0001) 
#Individual 21 13 16 18 
Petal Mean 2.52 2.46 2.77 2.26 
Width S . D. 0 . 38 0.45 0.29 0.33 
Wilcoxon z -0.107 (Pr.= .915) 3.725 (Pr.= .0002) 
#Individual 21 13 16 18 
Style Mean 4.69 4.09 4.62 4.32 
Length S.D. 0.51 0.89 0.73 0 . 72 
Wilcoxon z -1. 954 (Pr.= . 051) 0.865 (Pr.= .387) 
l0CR. Three-way Progeny of: Fl [I-5 x HR (3))0 X EM 92-35 (4)~ 
::1111,,111 
'"' 111 Ill' ,$11 
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GOT Genotype GOT-1 GOT-2 
(One Locus) Aa' aa' bb' Bb' 
#Individual 16 21 19 18 
Fila- Mean 3.55 2.84 4.07 2.17 
ment 
Length S.D . 1.07 0.97 0.52 0.36 
Wilcoxon z 2.026 (Pr.= .043) -5.187(Pr . = .0001) 
#Individual 16 21 19 18 
Petal Mean 4.91 4.44 5.34 3.91 
Length S.D . 0.85 0.80 0 . 52 0.34 
Wilcoxon z 1-.6-28 - (Pr;= .104) -5.190(Pr.= .0001) 
#Individual 16 21 19 18 
Petal Mean 2.86 2.71 3.16 2.37 
Width S.D. 0 -. 56 0.40 0.28 0.24 
Wilcoxon z 0.953 (Pr.= . 341) -5 . 105(Pr.= .0001) 
#Individual 16 21 19 10 
Style Mean 4.58 4.36 4.97 3.90 
Length S.D . 0.80 0.68 0.56 0.43 
Wilcoxon z 0 . 691 (Pr.= . 489) -4.537(Pr.= .0001) 








GOT Genotype GOT-1 GOT-2 
(One Locus) Aa' aa' bb' Bb' 
#Individual 17 17 19 15 
Fila- Mean 3.02 3 . 46 3.84 2.48 
ment 
Length S.D. 0.97 0.71 0 . 62 0.41 
Wilcoxon z -1.431 (Pr.= .152) -4.480(Pr . = .0001) 
#Individual 17 17 19 15 
Petal Mean 4.49 4.88 5.15 4 . 11 
Length S.D. 0.80 0.51 0.48 0.41 
Wilcoxon z -1. 813 (Pr.= . 061) ~ -4.520(Pr.= .0001) 
#Individual 17 17 19 15 
Petal Mean 2.63 2.94 3.15 2 . 32 
Width S.D. 0.60 0.35 0.32 0.26 
Wilcoxon z -1. 954 (Pr.= .051) -4.859(Pr.= .0001) 
#Individual 17 17 19 15 
Style Mean 4 . 41 4.87 4.78 4.35 
Length S.D. 0 . 67 a.so 0 . 68 0.41 
Wilcoxon z -1.659 (Pr.= . 097) -2.193(Pr.= . 028) 
l0DR. Three-way Progeny of: F1 [I-5 x HR (S)]o X EM 92-35 (l)~ 
'"'" I!\ !11 




parents, none of the flower traits were significantly 
correlated to the GOT-1 or GOT-2 genotype (Tables l0AR and 
l0BR). Table 11 is a summary table showing probabilities of 
an association between flower morphology and GOT genotype 
for each cross _. 
Comparison of Observed to Expected Levels of Pollen 
Fertility 
Expected fertilities for three-way hybrids based upon 
corresponding GOT genotypes of F1 hybrids are outlined in 
Table 1 (see page 9). To compare observed to expected 
fertilities, I computed 95% and 99% confidence intervals 
from the progeny set of each three-way cross. Confidence 
intervals were computed for three-way hybrids with GOT 
genotypes similar to F1 hybrids. The intervals for most 
type II three-way crosses encompass the expected value 
(Table 12C, 12CR and 12D), the exception was cross "DR" 
(Table 12DR). In type I three-way crosses, the intervals lie 
close to expected values but they do not always encompass 
them (Tables 12A, 12AR, 12B and 12AB). For 95% confidence 
intervals, two genotypes within three-way progenies 
overlapped in all type I three-way crosses, but this overlap 
region is not extensive. 
Correlation among GOT Genotype, Pollen Fertility and PCR 
Markers 
/l f~-/ Y ~1 l=l ! i - ,. f 
Type I II 
Cross A AR B BR C CR D DR 
GOT-1 - - - - ns ns ns ns 
FL GOT-2 - - - - .0001 .0001 .0001 0001 
Two Loci .0001 ns .003 ns - - - -
GOT-1 - - - - ns ns ns ns 
PL GOT-2 - - - -, .0001 .0001 .0001 .0001 
Two Loci .0006 ns ns ns i - - - -
GOT-1 - - - - ns ns ns ns 
PW GOT-2 - - - - .0001 .0002 .0001 .0001 
Two Loci .0001 ns .001 ns - - - -
GOT-1 - - - - ns ns ns ns 
SL GOT-2 - - - - ns ns .0001 .03 
Two Loci .001 ns .004 ns - - - -
Table 11. Summary of probabilities corresponding to Wilcoxon tests for -a correlation between 
GOT genotype and flower morphology. "FL", "PL", "PW" and 11 SL 11 refer to filament length, petal 




GOT- 1/GOT-2 Genotype Aa'Bb' aa'bb' 
Similarity to F1 Hybrid d-i g-i 
Obse- # Individual 17 10 
rved 
95% Confidence Intervals 36.44 - 50.07 36 . 39 - 57.21 
Fert-
ility 99% Confidence Intervals 33.82 - 52.69 30.48 - 63.13 
Expected Fertility 61% 46% 
12A. Three-way Progeny of: F1 [EM-3e x HR (d)]~ X I-91-6 (3)o 
GOT-1/GOT-2 Genotype Aa'Bb' aa'bb' 
Similarity to F1 Hybrid d-i g-i 
Obse- # Individual 3 17 
rved 
95% Confidence Intervals 55.94 - 70.20 46.25 - 52.00 
Fert-
ility 99% Confidence Intervals 46.60 - 79.54 45.14 - 53.11 
Expected Fertility 61% 46% 
12AR. Three-way Progeny of: Fl [EM-3e x HR (d)]o X I-91-6 (3)~ 
Tables 12. Confidence intervals around fertility estimates of 
three - way hybrids . Eight t ables correspond to eight crosses. 
"A", "B", "C" and 11 D11 stand for four crosses which F1 hybrids 
were female parents. "AR", "BR", "CR" and "DR" stand for the 
respective reciprocal crosses. "d" , "g" and "i" refer to 
var. dubia, var. georgiana and var. interior, and 11 d-i 11 , "g-i" 
and "d-g" refer to dubia-interior, georgiana-interior and 
dubia-georgiana F1 hybrids, respectively. 
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GOT-1/GOT-2 Genotype Aa'Bb' aa'bb' 
Similarity to F1 Hybrid d-i g-i 
Obse- # Individual 16 8 
rved 
95% Confidence Intervals 51.17 - 57.97 38.29 - 55.28 
Fert-
ility 99% Confidence Intervals 49.86 - 59.27 33.46 - 60.11 
Expected Fertility 61% 46% 
12B. Three - way Progeny of: Fl [EM-3e x HR (a)]~ X I-91-7 (4)0 
GOT-1/GOT-2 Genotype Aa'Bb' aa'bb' 
Similarity to F1 Hybrid d-i g-i 
Obse- # Individual 1 18 
rved 
95% Confidence Intervals 62.7 47.14 - 51.96 
Fert-
ility 99% Confidence Intervals 62.7 46 . 21 - 52 . 89 
Expected Fertility 61% 46% 
12BR. Three-way Progeny of: F1 [EM-3e x HR (a)]o X I-91-7 (4)~ 
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GOT-2 Genotype Bb bb' 
Similarity to F 1 Hybrid g-i d-g 
Obse- # Individual 13 15 
rved 
95% Confidence Intervals 39.80 - 48.73 24.67 -33.51 
Fert-
ility 99% Confidence Intervals 38.08 - 50.45 22.81 - 35.34 
Expected Fertility 46% 31% 
12C. Three-way Progeny of: F1 [I-5 x HR (3)]~ X EM 92-35 (4)o 
GOT-2 Genotype Bb bb' 
Similarity to F1 Hybrid g-i d-g 
Obse- # Individual 14 15 
rved 
95% Confidence Intervals 42.51 - 48.83 24.67 -34.67 
Fert-
ility 99% Confidence Intervals 41.18 - 50.16 27.58 - 35.82 
Expected Fertility 46% 31% 
12CR. Three-way Progeny of: F1 [I-5 x HR (3)]o X EM 92-35 (4)~ 
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GOT-2 Genotype Bb bb' 
Similarity to F1 Hybrid g-i d-g 
Obse- # Individual 20 18 rved 
95% Confidence Intervals 48.88 - 51. 79 24.13 -31.63 Fert-
ility 99% Confidence Intervals 47.13 - 52.55 25.84 - 32.26 
Expected Fertility 46% 31% 
12D. Three-way Progeny of: F1 [I-5 x HR (5)]~ X EM 92-25 (l)o 
GOT-2 Genotype Bb bb' 
Similarity to F1 Hybrid g-i d-g 
Obse- # Individual 18 15 
rved 
95% Confidence Intervals 48.88 - 51.79 24.13 -30.56 Fert-
ility 99% Confidence Intervals 47.13 - 52.55 22.78 - 31. 92 
Expected Fertility 46% 31% 
12DR. Three-way Progeny of: F1 [I-5 x HR (5)]0 X EM 92-25 (1)~ 
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A PCR marker with an approximate size of 460 bp to 480 
bp was found to associate with pollen fertility and GOT-2 
genotype in one pair of type II reciprocal crosses (pair A, 
refer to Table 2, page 14, for pairs of parents). Another 
PCR marker with similar length, also about 460 bp to 480 bp, 
showed a correlation to pollen fertility in one pair of type 
I reciprocal crosses (pair C). However, no PCR marker could 
be identified in the other two pairs of reciprocal crosses 
(pairs Band C). 
In a type I three-way cross (pair A), which used a 
dubia-georgania F1 as the seed parent, the PCR marker was 
associated with pollen fertility (Table 13). In this cross 
the association between GOT genotype and pollen fertility 
was not significant, therefore, a G test for the 
relationship between GOT genotype and PCR marker was not 
performed for this cross. In its reciprocal cross, which 
used pur~ interiot as the seed parent, the G test and the 
Kruskal-Wallis _test both indicated that pollen fertility, 
GOT-1 and GOT-2 genotype, and PCR marker were all associated 
with each other (Table 14). 
In one type II cross (pair C) which used a dubia-
interior F1 as seed parent, the PCR marker was associated 
with GOT-2 genotype (Table 15A), but there was no 
significant correlation between PCR marker and pollen 
fertility (Table 15B). In its reciprocal cross which used 
georgiana as the seed parent, the G tests and Kruskal-Wallis 
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PCR Marker (460bp-480bp) Present(+) Absent(-) 
# Individuals 12 14 
Fertility Mean 50.35 39.02 
S .D . 11.57 12.30 
Probability 0.0449* 
Table 13. Kruskal-Wallis test for correlation between a PCR 
marker and pollen fertility in the cross: dubia-georgiana F
1 
~ X interior o 
II 
" 
GOT-1/GOT-2 PCR marker (460bp-480bp) Total Genotype 
Present(+) Absent(-) 
Aa'Bb 3 1 4 
aa'bb' 0 26 26 
Total 3 27 30 
G = 15*** 
Table 14A. Contingency table. Tests for correlation 
between a PCR marker and GOT-1 and GOT-2 genotype in the 
cross: dubia-georgiana Flo X interior~ 
PCR Marker (460bp-480bp) Present(+) Absent(-) 
# Individuals 2 18 
Fertility Mean 62.50 49.96 
S.D. 3.82 6.47 
Probability 0.0321* 
Table 14B. Kruskal-Wallis test . 
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GOT-2 Genotype PCR marker ( 460bp-4 8 0bp) Total 
Present(+) Absent(-) 
b'b 15 0 15 
Bb 4 11 15 
Total 19 11 30 
G = 22.05*** 
Table 15A. Contingency table. Tests for correlation 
between a PCR marker and GOT-2 genotype in the cross: dubia-
interior Fl~ X georgiana o 
PCR Marker (46 0bp-480bp) Present(+) Absent(-) 
# Individuals 20 11 
Fertility Mean 40.43 - 34.88 
S.D. - 9.-71 6.25 
Probability 0.0905 
Table 15B. Kruskal-Wallis test. 
tests indicated that the PCR marker, pollen fertility, and 




GOT-2 Genotype PCR marker (460bp-480bp) Total 
Present(+) Absent(-) 
b'b 15 2 17 
Bb 6 10 16 
Total 21 12 31 
G = 9.8** 
Table 16. Contingency table. Tests for correlation between 
a PCR marker and GOT-2 genotype in the cross: dubia-interior 
Flo X georgiana ~ 
PCR Marker (460bp-480bp) Present(+) Absent(-) 
# Individuals 19 10 
Fertility Mean .. 40.52 27.80 
S.D. 10.53 10.53 
Probability 0.0007*** 
Table 16B. Kruskal-Wallis test. 
CHAPTER 4 
Discussion 
Segregation and Linkage Patterns 
All type II three-way crosses showed Mendelian 
segregation for alleles at both marker loci, GOT-1 and GOT-
2. However, segregation patterns of type I three-way crosses 
varied among crosses, and varied between GOT-1 and GOT-2. 
Prior backcross studies have demonstrated that parental 
GOT-1 and GOT-2 genotypes occurred more frequently than 
recombinant GOT-1 and GOT-2 genotypes among backcrossed 
hybrids (Levy, 1992). The same phenomenon was observed 
among three-way hybrids. There are two possibilities to 
explain this phenomenon: (1) linkage between GOT-1 and GOT-2 
loci in (dubia-georgiana) F1 hybrids; (2) difference in 
chromosomal gene arrangement between dubia and georgiana. 
After fertilization of an F1 hybrid by a GOT-1 and GOT-
2 homozygous third parent, primarily parental two locus GOT 
genotypes were recovered among type I three-way progeny 
(Figure 3). The apparent linkage observed in dubia-
georgiana F1 hybrids may be the result of reciprocal 
translocations distinguishing dubia and georgiana, because 
GOT-1 and GOT-2 were not linked in crosses within dubia and 
georgiana varieties (Levy, unpublished data). Reciprocal 
translocations would produce tetravalent rather than 
bivalent associations during meiosis metaphase. Two of 
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Figure 3. Translocation involving chromosomes carrying GOT-
1 and GOT-2 that occurs in a (dubia-creorgiana) F1 hybrid. 
See the notation for A, B, a, b, a' and b' in Figure 1. 
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three segregation patterns, adjacent-1 and adjacent-2, could 
cause biased recovery of parental genotypes at loci included 
in the tetravalent, because pollen produced by these two 
adjacent segregations are likely to be inviable due to gene 
deletions or duplications. In this case, only alternate 
segregation, in which parental genotypes are recovered, 
could produce fertile pollen. 
A difference of gene arrangements on chromosomes 
between dubia and georgiana may be caused by a translocation 
that occurred in their common ancestor, followed by 
divergence from the common ancestor of the two extant 
varieties (dubia and georgiana). Translocations also may 
happen in either variety (dubia or georgiana) after 
speciation from a common ancestor. A difference in gene 
arrangements on chromosomes between dubia and georgiana 
would create the same meiotic outcome as a newly formed 
reciprocal translocation in their hybrids (Figure 4). 
However, there are some recombinant GOT genotypes 
appearing among type I three-way progeny. It is 
questionable how these recombinant GOT genotypes arose if 
only two kinds of fertile gametes were produced. Because 
the gene arrangement on chromosomes is not known, I inferred 
that adjacent segregation could produce some viable pollen 
depending on the role of the deleted genes, adjacent-1 
segregation could produce Ab and aB gametes and adjacent-2 
could produce Aa gametes and Bb gametes (Figure 5 and Figure 
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I I I 
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Figure 4. Alternate segreg~tion in a_translocation 
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Figure 6. Adjacent-2 segregation in a translocation 
heterozygote between dubia and georgiana. See the notation 
for A, B, a, b, a' and b' in Figure l. 
71 
6). However, it is more likely that crossovers between 
homologous chromosome regions in the tetravalent could cause 
recombinant GOT genotypes. 
Most three-way hybrids with recombinant genotypes never 
flowered or had flowers without pollen. I used a G test 
(Sokal and Rohlf, 1981) to assess the relationship between 
GOT genotype (parental and recombinant) and the phenomenon 
of non-pollen producing flowers or plants without flowers 
(Table 17). The significant results from all the crosses 
suggests type I three-way hybrids with recombinant genotypes 
rarely have flowers or pollen. This phenomenon could be due 
to gene deletions. 
Adjacent-1 segregation producing fertile pollen may 
contribute to what appears as non-Mendelian segregation for 
alleles in type I three-way crosses, because adjacent-1 
segregation would cause both alleles at GOT-1 (A and a) to 
go the same gamete and both alleles at GOT-2 (Band b) to go 
to the other gamete (Figure 5). Each gamete would carry a 
deletion for one GOT locus and a region surrounding this 
locus. If one of these deletion types had lower viability 
than the other, this could account for the apparent non-
Mendelian segregation of alleles at either GOT-1 or GOT-2. 
In reality, resultant zygotes from these gametes will be 
triploid and haploid at the respective GOT loci, but on 
gels, they are scored as heterozygotes and homozygotes, 
respectively. 
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Genotype Parental Recombinant Total 
(Aa'Bb' or aa 'bb') (Aa 'bb' or aa 'Bb') 
With pollen 34 
0 34 
Without pollen 2 2 4 





17A. Three-way Progeny of: F1 [EM-3e x HR (d)Ji X I-91-6 (3)~ 
Table 17, Relationship between genotype combination and 
absence of flower or pollen in type I three-way crosses. "A" 
and "B" stand for two type I crosses in which F
1 
hybrids were 
seed parents. "AR" and "BR" represent their reciprocals. 
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Genotype Parental Recombinant Total 
(Aa'Bb' or aa 'bb') (Aa'bb' or aa' Bb') 
With pollen 20 2 22 
Without pollen 3 4 7 
Total 23 6 29 
G value 6.62 
Probability < 0.05 
17AR. Three-way Progeny of: F1 [EM-3e x HR (d)]d' X I-91-6 (3)i 
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Genotype Parental Recombinant Total 
(Aa'Bb' or aa 'bb') (Aa'bb' or aa' Bb') 
With pollen 28 4 32 
Without pollen 5 4 9 
Total 33 8 41 
G value 4.01 
Probability < 0.05 
17B. Three-way Progeny of: F1 [EM-3e x HR (d)]i X I-91-7 (4)~ 
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Genotype Parental Recombinant Total 
(Aa'Bb' or aa' bb') (Aa'bb' or aa 'Bb') 
With pollen 19 2 21 
Without pollen 2 7 9 
Total 21 9 30 
G value 13.81 
Probability < 0.05 
17BR. Three-way Progeny of: F1 [EM-3e x HR (a)]~ X I-91-7 (4)i 
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In addition, double heterozygotes (Aa'Bb', see Figure 1 
for notation) are frequent among progeny with (dubia-
georgiana) F1 hybrids as seed parents. In contrast, 
homozygotes (aa'bb') were very common among the progeny with 
pure interior as seed parents (alleles at each locus come 
from different varieties, but they appear as one 
electromorph on starch gels and therefore are referred to as 
homozygotes). The difference in reciprocal hybrids 
suggested segregation distortion may have been due to a 
cytoplasmic effect which was not detected from reciprocal F1 
crosses, because three varieties were involved in these 
crosses. The cytoplasmic effect could be that factors 
located in the cytoplasm prevent certain kinds of gametes 
from combining, or these factors kill the gametes carrying 
certain genes. 
In plants, gamete eliminators have been detected in 
some interspecific hybrids, suggesting that gamete 
eliminators might represent one of the genetic mechanisms 
responsible for reproductive barriers (Sano, 1990). In 
rice, s10a(t) and S10 (t) are two alleles at one locus; s10 (t} 
induced abortion of gametes that carried the alternative 
allele, s1t(t). Consequently, alleles at other loci linked 
to S10 (t) could appear more frequently than alleles on 
corresponding loci linked to S10a(t) (Sano, 1990). 
In three-way cross type I, if a (dubia-georgiana) F1 
hybrid was the seed parent, they produced a majority of AB 
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and ab gametes. In three-way hybrids, Aa'Bb' genotypes were 
more common than other genotypes. Several hypotheses to 
account for this phenomenon could be offered: (1) a nuclear 
interaction between ab and a'b' prevented their combination, 
or ab gametes were destroyed by a gamete eliminator linked 
to AB. However, this assumption was weakened by the fact 
that high frequencies of the aa'bb' genotype occurred among 
progenies with pure interior as seed parent; (2) ab gametes 
were abolished by a gamete eliminator located on a 
cytoplasmic genome of seed parents; (3) cytoplasmic factors 
inhibit the combination of a'b' and ab gametes; (4) Aa'Bb' 
zygotes have a higher survival rate. 
If hypothesis (2) is correct, the same segregation 
distortion phenomenon would be expected among backcross 
progenies, but this was not observed in backcrosses. 
Therefore, it is unlikely that a gamete eliminator is 
located on either nuclear or cytoplasmic genome. On the 
other hand, the cytoplasm of a (dubia-georgania) F1 is 
derived from its seed parent, dubia. It is possible that 
cytoplasmic factors in dubia do not inhibit the combination 
between a'b' (interior alleles) pollen and AB (dubia 
alleles) ovules, but these cytoplasmic factors inhibit the 
combination of a'b' and ab (georgiana alleles) gametes. 
In reciprocal type I three-way crosses, which used 
interior as seed parents, homozygotes were recovered much 
more frequently than heterozygotes. There were only two 
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heterozygotes out of total thirty individuals in one cross, 
and four out of a total of twenty-nine in the other cross. 
Obviously, a'b' pollen is much more likely to successfully 
fertilize ab ovules than AB pollen. It is possible that 
cytoplasmic factors of interior prevent the combination of 
a'b' and AB gametes, abolished AB pollen through pollen 
killing or resulted in low viability of zygotes without the 
Aa'Bb' genotype. However, the pollen killer hypothesis is 
not supported by the fact that (dubia-interior) F1s could be 
produced in crosses of dubia and interior. 
Pollen Fertility and Marker Loci 
A significant association between pollen fertility and 
GOT-2 genotype was exhibited in all type II three-way 
crosses. Three-way hybrids with identical GOT-2 genotypes 
had similar fertility levels. Confidence intervals 
associated with pollen fertility of type II three-way 
hybrids having similar GOT-2 genotypes either encompassed or 
were close to the expected fertility. Expected fertility 
was the pollen fertility value in F1 hybrids with an 
identical GOT-2 genotype as corresponding three-way hybrids. 
These results suggest that fertility levels in type II 
three-way hybrids were similar to that of F1 hybrids with an 
identical GOT-2 genotype. I conclude that the genie or 
chromosomal region linked to the GOT-2 locus has a major 
effect on sterility in both F1 hybrids and three-way 
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hybrids, and this effect is similar even in the more 
variable genetic background of three-way hybrids. 
The mechanism for this specific nuclear region 
controlling fertility is not known; it may be based on the 
interaction between specific genes coming from different 
varieties or differences of gene arrangements on chromosomes 
among three varieties, such as translocations discussed 
above. 
In the studies of genetic causes of intraspecific male 
sterility in Drosophila, two causes of sterility have been 
observed: genie (specific) and chromosomal (non-specific) 
(Lifschytz and Lindsley, 1974; Lindsley and Tokuyasu, 1980). 
Genie sterility results from specific genes with a complete 
or major effect on male sterility. Chromosomal sterility 
results from an abnormal chromosome organization, such as 
reciprocal translocations and/or inversions. Many studies 
have already suggested the existence of major effect genes 
(Zouros, 1981; Wu and Backenbach, 1983; Coyne and 
Charlesworth, 1986, 1989). One approach to isolate 
sterility genes is to introgress small segments of the X 
chromosome from Drosophila mauritiana (or Drosophila 
sechellia) into Drosophila simulans by repeated backcrosses 
for more than 20 generations. Such introgressing showed the 
presence of a major sterility factor from~- mauritian which 
was called ods (Perez et al., 1993). In contrast, the 
relationship between chromosome size and sterility in male 
hybrids of Drosophila buzzatii and Drosophila koepferae 
strongly suggests the effect is polygenic (Naveira and 
Fontdevia, 1991). 
In studies of hybrid sterility in plants, gene 
interactions causing hybrid sterility have been found in 
rice (Ikehashi and Araki, 1988, 1986, 1984; Lin et al., 
1992; Oka, 1974; Sano, 1990), wheat (Loegerig and Sears, 
1963); tobacco (Cameron and Moav, 1957); tomato (Rick, 
1966); barley (Fukushima and Konishi, 1994), and other 
plants. In rice, at the S-5 locus on chromosome 6 of an 
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(Indica-Javanica rice) F1 hybrid, the interaction betweens-
5• allele from Indica rice and s-sj allele from Javanica 
rice produced semi-sterile panicles due to abortion of 
female gametes carry s-sj (Ikehashi and Araki, 1986). In 
addition, a locus S-7 for female gamete abortion was 
identified between RC (brown pericarp and seed coat) and 
Est-9 on chromosome 7 (Yanagihara et al., 1992). Another 
locus S-8 on chromosome 6 was found to cause hybrid 
sterility by allelic interaction between s-akn from Nekken 2 
and s-0w from Yeong Pung (Wan et al., 1993). Genetic 
studies in barley demonstrate that hybrid sterility is 
governed by two or more genes because of the appearance of 
differing degrees of sterility (Fukushima and Konishi, 
1994), but whether the cause was genie or chromosomal was 
not addressed. 
Unlike type II Phacelia three-way hybrids, the 
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correlation between pollen fertility and GOT genotype was 
not significant in all type I three-way crosses; two crosses 
showed a significant correlation, but two crosses did not. 
In type I three-way hybrids with the F1 hybrid as the seed 
parent, pollen did not have a regular shape. They were 
usually hexagonal rather than circular, and many grains 
overlapped or aggregated together. It was very difficult to 
count them. Thus, error in estimating pollen fertility is a 
possible reason for a deviation from expectation, such as in 
cross "A" (Table GA). In crosses which used pure interior 
as seed parents, fertile homozygotes were much more common 
than fertile heterozygotes. Large differences of sample 
size between homozygotes and heterozygotes also could cause 
unexpected results, such as in cross "BR" (Table 6BR). 
The 95% confidence intervals of pollen fertility for 
each two locus GOT-1 and GOT-2 genotypes overlapped in 
almost all type I crosses (Table 12A, 12B and 12BR). 
However, the expected pollen fertilities for these two kinds 
of parental genotypes is not as different as those for type 
II crosses (Aa'Bb'=46%; aa'bb'=61%). Fertility variation 
among different three-way individuals caused the wide range 
of confidence intervals. Because of the similarity of 
expected and observed fertilities in most crosses, I 
conclude that pollen fertility is associated with GOT-1 and 
GOT-2 genotype, but in these three-way hybrids, deviations 






Association analysis of flower morphology and GOT 
genotype showed several floral characters were significantly 
correlated with each other, with pollen fertility and with 
GOT genotype. Therefore, two genetic causes for these 
associations should be considered to account for these 
correlations: (1) Pollen fertility, filament length, petal 
length, and petal width are encoded by different loci, but 
these loci are on the same chromosome and linked to loci 
encoding GOT; (2) A single gene affects several 
characteristics. However, these hypotheses cannot be 
distinguished at the current time. In some type I three-way 
crosses, pollen fertility was not associated with GOT 
genotype. Results .from - the correlation analysis - are shown 
for each cross (Table 18). 
In one pair of type I reciprocal cross, pollen 
fertility was not -.associated- with any of the flower 
characteristics (Table 18A and 18AR). But a significant 
correlation existed between pollen fertility and the three 
floral traits in all the other crosses, including the other 
pair of type I crosses, and all the type II crosses (Table 
18B, 18BR, 18C, 18CR, 18D and 18DR). In addition, filament 
length, petal length and petal width were significantly 
associated with each other in all the crosses. 
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FERT FL PL PW SL 
FERT 0.056 0.084 -0.119 -0.056 0.794 0.689 0.570 0.791 
FL 0.893 0.858 0.855 
0.0001 0.0001 0.0001 





18A. Three-way Progeny of: F1 [EM-3e x HR (d)] 9 X I-91-6 (3)o 
FERT FL PL PW SL 
FERT 0.191 0.186 0.217 0.365 
0.394 0.419 0.331 0.103 
FL 0.875 0.884 0.893 
0.0001 0.0001 0.0001 





18AR. Three-way Progeny of: F1 [EM-3e x HR (d)]o X I-91-6 (3)9 
Table 18. Correlation analysis for pollen fertility (Fert), 
filament length (FL) , petal length (PW) , petal width and style 
length (SL). Two values for each item are: pearson 
correlation coefficients/ prob> I~ under Ho: Rho=O. 
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FERT FL PL PW SL 
FERT 0.740 0.730 0.676 0.442 0 . 0001 0 . 0001 0.0001 0.0001 
FL 0.917 0 . 851 0.229 
0.0001 0.0001 0.0001 
PL 0 . 890 0.364 




18B. Three-way Progeny of: Fl [EM-3e x HR (a)]~ X I-91-7 (4)0 
FERT FL PL PW SL 
FERT 0.721 0.622 0.615 0 . 281 0.0001 0 . 0002 0 . 0002 0.126 
FL 0.895 0.718 0.395 
0.0001 0.0001 0.021 





18BR. Three-way Progeny of: F1 [EM-3e x HR (a)] o X I-91-7 (4) ~ 
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FERT FL PL PW SL 
FERT 0.742 0.732 0 . 643 0.442 0.0001 0.0001 0 . 0001 0.013 
FL 0.917 0 . 850 0.229 







18C. Three-way Progeny of: F1 [I-5 x HR (3)]~ X EM 92-35 (4)o 
FERT FL PL PW SL 
FERT 0.723 0.622 0.615 0.228 0.0001 0 . 0002 0.0002 0.217 
FL 0.878 0 . 923 0.349 
0.0001 0 . 0001 0.043 
PL 
0.905 0.541 




18CR. Three-way Progeny of: F1 [I-5 x HR (3)]o X EM 92-35 (4)~ 
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FERT FL PL PW SL 
FERT 0.885 0.813 0.800 0.791 0 . 0001 0.0001 0.0001 0 . 0001 
FL 0.948 0.864 0.829 







18D. Three-way Progeny of: F1 [I-5 x HR (5)]~ X EM 92-25 (l)o 
FERT FL PL PW SL 
FERT 0.823 0.836 0.825 0.307 0.0001 0.0001 0.0001 0.082 
FL 0.913 0.863 0.563 







18DR. Three-way Progeny of: F1 [I-5 x HR (5)]o X EM 92-25 (1)~ 
87 From the type II three-way cross, I conclude that a 
genie or chromosomal region linked to GOT-2 locus not only 
affects sterility in three-way hybrids, but also influences 
other flower characteristics, because pollen fertility, GOT-
2 genotype, and three flower characteristics were associated 
with each other. However, in type I three-way crosses, the 
results vary among crosses. Pleiotropy was supported by the 
cross "BR", but was not supported by the cross "A" and cross "AR" (Table 19) . 
PCR Marker, Pollen Fertility and GOT Genotype 
The association between pollen fertility and the PCR 
marker in two pairs of three-way crosses (pair A and pair C) 
implies that this PCR marker is a good predictor of 
fertility. However, no PCR markers relating to sterility 
were found in the other two pairs of three-way crosses (pair 
Band pair D). These results suggest that a cross-over 
might separate the primer binding sites in chromosomes and 
prevent production of the PCR fragments, because DNA 
sequences may differ between homologous chromosomes and 
crossovers could cause the chromosomes to lose their primer 
specificity. In addition, it is also possible that these 
PCR primer sequences differ in each pair of parents. If 
either parent in each pair have the pair of PCR primer 
sites, their offspring must have this PCR fragment 
regardless of recombination within the target DNA fragment. 
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Cross 
A AR B BR Fertility/GOT s ns s ns Fertility/Flowers ns ns s s GOT/Flowers 
ns s s ns 
Table 19 . Summary of significance for correlation among GOT 
genotype, pollen fertility and three flower traits in type I 
three-way crosses. "ns" refers to nonsignificance. "s" 
refers to significance. 
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However, these PCR primer sites may have been absent in both 
parents in some crosses. 
In addition, the different results between two 
reciprocal type II three-way crosses (pair C) suggested that 
the presence of PCR markers might be different within this 
pair of parents. The other possibility is that GOT-2, the 
sterility controlling gene and the PCR marker are on the 
same chromosome. If the GOT-2 locus is located between the 
other two loci, recombination between the PCR marker and 
fertility controlling genes would be greater than that 
between the PCR marker and GOT-2 locus. This map 
relationship could cause the non-significant result in 
Kruskal-Wallis tests for correlations between pollen 
fertility and the PCR marker in one cross (Table 15B). 
Conclusions 
My reaserch has shown that a single region of the 
Phacelia dubia genome has a major effect on fertility, and 
this region is linked to allozyrne markers for GOT encoding 
loci, and also to a PCR DNA marker. The magnitude of the 
effect of the sterility causing region is predictable which 
indicates the genes in this region are not interacting 
epistatically with genes in other regions. The same region 
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